Fine structure radiative transitions in C II and C III using the Breit-Pauli R-matrix method by Nahar, Sultana Nurun
 
 
Atomic Data and Nuclear Data Tables, 80, (2002) p.205-234. 
ISSN: 0092-640x ISSN (electronic): 1090-2090 
doi:10.1006/adnd.2002.0879 
©2002 Elsevier Inc. All rights reserved. 
http://www.elsevier.com/wps/find/homepage.cws_home 
http://www.elsevier.com/locate/adt 
 
 
 
 
 
 
FINE STRUCTURE RADIATIVE TRANSITIONS IN C II AND C III USING THE 
BREIT–PAULI R-MATRIX METHOD 
 
SULTANA N. NAHAR 
 
Department of Astronomy, The Ohio State University, Columbus, Ohio 43210 
 
Extensive sets of radiative transitions in C II and in C III are obtained using the relativistic Breit–Pauli 
R-matrix (BPRM) method. In comparison with other accurate methods that can be applied to relatively few transitions, 
the BPRM method enables calculations of a large number of transitions with comparable accuracy for most of them. 
The present work reports large-scale calculations for two important ions obtaining 127 and 206 bound fine structure 
energy levels, resulting in 1681 and 4202 dipole allowed and intercombination transitions for C II and C III, 
respectively. Detailed comparison of the BPRM results is made with those from experimental and theoretical studies, 
including the relativistic multiconfiguration Dirac–Fock method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 
The Breit–Pauli R-matrix (BPRM) method [1] is being used to calculate a large number of 
oscillator strengths (f -values) [2–5]. The first large scale application of the BPRM method for the 
radiative transitions in Fe XXIV and Fe XXV [2] showed very good agreement, within 10%, of the 
f -values with the most accurate theoretical calculations available. Most of the experimental and 
theoretical studies for oscillator strengths and transition probabilities (A-values) are focused on a 
few or a limited number of transitions, whereas various spectral diagnostic models and 
astrophysical applications, such as plasma opacities, require f - or A-values for a very large number 
of transitions. Systematic calculations for radiative processes were carried out for most 
astrophysically abundant atoms and ions under the Opacity Project (OP [6–9]). The datasets 
obtained under the OP are available electronically through a database, TOPbase [10]. The 
calculations under the OP were carried out in LS coupling and no relativistic effects were 
considered. However, fine structure transitions, rather than LS multiplets, are needed for spectral 
diagnostics in astrophysical and laboratory plasmas. 
The Breit–Pauli R-matrix method developed under the Iron Project (IP, [1]) includes relativistic 
effects in the Breit–Pauli approximation [1, 11, 12] for collisional processes. Recently, the method 
has been extended to enable close coupling calculations of oscillator strengths (i) including the 
relativistic effects and (ii) considering a large number of transitions. 
The present study investigates the relativistic and electron–electron correlation effects in 
transitions of two important light ions, C II and C III. These two ions are of particular interest in 
the diagnostics of a number of astrophysical objects such as in early type stars and nebulae as well 
as in laboratory plasmas. 
 
THEORY 
 
Provided here is a brief summary of the the basics of the Breit–Pauli R-matrix method. The 
method for radiative bound-bound and bound-free transitions is derived from atomic collision 
theory and the coupled channel or close coupling (CC) approximation [1, 6]. The computational 
method is based on the powerful R-matrix formalism that enables efficient, accurate, and 
large-scale calculations of compound (bound and continuum) state wavefunctions of the (e + ion) 
system at all positive or negative energies. 
In the CC approximation, the target (the core ion is referred to as the “target”) is 
represented by a N-electron system, and the total wavefunction expansion, Ψ(E), of the (N + 
1)-electron system for any symmetry SLπ or Jπ is represented in terms of the target wavefunctions 
as 
 
 
 
where χi is the target wavefunction in a specific state SiLiπi or level Jiπi and θi is the wavefunction 
for the (N + 1)th electron in a channel labeled as SiLiπi(Jiπi)k
2
i  ℓi(SLπ;Jπ); k
2
i  being its incident 
kinetic energy. The Φj’s are the correlation functions of the (N + 1)-electron system that account 
for short range correlation and the orthogonality between the continuum and the bound orbitals. 
The Breit–Pauli (BP) Hamiltonian, as employed in the IP work [1], is 
 
 
 
where HN+1 is the nonrelativistic Hamiltonian, 
 
 
 
and the additional terms are the one-body mass correction term, the Darwin term, and the 
spin–orbit term, respectively. However, the two-body terms of the Breit interaction, 
 
 
 
representing the spin-spin and the spin-other-orbit interactions are not included in the calculations. 
The “channels,” characterized by the spin and orbital angular quantum numbers of the (e + ion) 
system, describe the scattering process of the free electron interacting with the target ion at 
positive energies. However, at negative total energies of the (e + ion) system, when the scattering 
channels are “closed,” the solutions of the close coupling equations occur at discrete eigenvalues 
of the (e + ion) Hamiltonian that correspond to pure bound states. In other words, 
 
 
 
 
where v is the effective quantum number relative to the core level. 
The BPRM intermediate coupling calculations employ a pair coupling scheme adopted as 
 
 
 
where a set of SLπ are recoupled to obtain (e + ion) levels with total Jπ, followed by 
diagonalization of the (N + 1)-electron Hamiltonian, 
 
 
 
In terms of the total bound state wavefunctions, the expression for the oscillator strength is 
proportional to the generalized linestrength (S) defined, in either length (L) form or velocity (V) 
form, by the equations 
 
 
 
and 
 
 
where ω is the incident photon energy in Rydberg units, and Ψi and Ψƒ are the wavefunctions 
representing the initial and final states, respectively. 
Using the transition energy Eji, the oscillator strength fij is obtained from S as 
 
 
 
and the Einstein A-coefficient Aji in atomic units (a.u.) as 
 
 
 
where α is the fine structure constant, and gi, gj are the statistical weight factors of the initial and 
final states. In c.g.s. units 
 
 
 
where τ0 = 2.4191 × 10-17 s is the atomic unit of time. 
The lifetime, τj, of a level j can be obtained from the transition probabilities of j decaying to 
the lower levels, i.e., from the A-values, as 
 
 
 
where Aj is the total radiative transition probability for the level j, i.e., 
 
 
 
ATOMIC CALCULATIONS 
 
The wavefunction expansion, Eq. (1), for C II consists of 20 levels of the core ion C III 
with configurations, 2s2, 2s2p, 2p2, 2s3s, 2s3p, 2s3d, while the K-shell remains closed. The levels 
are given in Table A. The table also lists the correlation configurations used in the optimization of 
the 20 levels in an atomic structure calculation. The correlation term, the second term of Eq. (1), 
considers all possible (N + 1)-electron configurations formed from the target spectroscopic and 
correlation configurations added by an electron in the orbital, which include configurations 2p3, 
3s2, 3p2, 3d2, 4s2, 4p2. 
The eigenfunction expansion for C III consists of 15 levels of C IV of configurations from 
1s22s to 1s24 f (Table A). The set for the target correlation configurations is also presented in the 
table. The (N + 1)-electron correlation term of Eq. (1) for C III includes all possible configurations 
with 2s2, 2p2, 3s2, 3p2, 3d2 and 4s, 4p, 4d, 4 f . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE A 
Energy Levels in Rydbergs of C III (Lefthand Column) and C IV (Righthand Column) in the Eigenfunction Expansion 
of C II and C III Respectively 
 
 
 
Note. The list of spectroscopic and correlation configurations, and the scaling parameter (λ) for each orbital is 
as follows. For C III, Spectroscopic: 2s2, 2s2p, 2p2, 2s3s, 2s3p, 2s3d; Correlation: 2p3s, 2p3p, 2p3d, 3s3p, 3s3d, 2s4s, 
2s4p, 4s4p; λ: 1.42(1s), 1.4(2s), 1.125(2p), 1.(3s), 1(3p), 1(3d), 3.3(4s), 3(4p). For C IV, Spectroscopic: 2s, 2p, 3s, 3p, 
3d, 4s, 4p, 4d, 4 f ; Correlation: 1s2s2, 1s2p2, 1s3s2, 1s3p2, 1s3d2, 1s2s2p, 1s2s3s, 1s2s3p, 1s2s3d, 1s2p3s, 1s2p3d; λ: 
1.30117(1s), 0.99782(2s), 0.87558(2p), 0.98747(3s),0.86738(3p), 0.80564(3d), 0.98598(4s), 0.86603(4p), 
0.79571(4d), 0.77675(4 f ). 
 
The target or core energies and wavefunctions of both the ions were obtained from atomic 
structure calculations using the program SUPERSTRUCTURE [14]. The spectroscopic and 
correlation configurations and the values of the scaling parameter (λ) in the Thomas–Fermi 
potential for each orbital of C III and C IV in the calculations are in Table A. Although the 
calculated target energies agree within a few percent with the measured values, the calculated level 
energies are replaced with the observed ones [15] in the BPRM calculations for improved 
accuracy. 
The computations are carried out using the BPRM packages of codes [12]. The R-matrix 
basis set within the R-matrix boundary has 12 terms for C II and 30 terms for C III respectively. 
The intermediate coupling calculations are carried out on recoupling the LS symmetries in a 
pair-coupling representation. The (e +core) Hamiltonian matrix is diagonalized for each resulting 
Jπ. The bound levels are scanned with an energy mesh of 0.001 Rydberg (Ry) to avoid any missing 
levels. The fine mesh increases the computation considerably. 
In the BPRM method, the energy levels are initially identified with the quantum number J 
and parity π only. This is insufficient information for unique and spectroscopic identification of a 
level. An identification scheme, based on the quantum defect analysis and dominant percentage 
contributions of the channel wavefunctions of a level, as developed by Nahar and Pradhan [3] has 
been adopted for complete spectroscopic notation of the levels. Each level is associated with a 
number of collision channels where the dominant channels determine the proper configurations, 
LS terms and fine structure levels of the core and the outer electrons. The levels are finally 
designated with possible identification of Ct (St Lt πt )Jt nl J(SL)π where Ct , St Lt πt , Jt are the 
configuration, LS term and parity, and total angular momentum of the core or target, nl are the 
principal and orbital quantum numbers of the outer or the valence electron, and J and SLπ are the 
total angular momentum, possible LS term and parity of the (N + 1)-electron system. Equivalent 
electron levels are identified with a possible configuration and term as explained in Ref. [3]. 
 
RESULTS AND DISCUSSION 
 
Large sets of fine structure energy levels and oscillator strengths are reported for C II and C 
III obtained using the Breit–Pauli R-matrix method. The advantage of the BPRM method, as 
mentioned before, is the capability of obtaining a large number of accurate transition probabilities 
for various spectral diagnostic and modeling applications. The energies and oscillator strengths for 
each ion are discussed separately and are compared with experimental and other theoretical 
calculations in the following subsections. 
 
Energies and Oscillator Strengths of C II 
 
The present results for CII include fine structure energy levels and transitions among 1/2 ≤ 
J ≤ 17/2 of even and odd parities with n ≤ 10 and l ≤ 9, 2S + 1 = 2, 4 and L ≤ 10. 
The calculated set of energies includes 77 observed levels of C II. The eight highly excited 
observed levels of the terms 2s2p(3Po)3d(4D, Fo) are not obtained. A sample comparison between 
the calculated and observed [15] energies is presented in Table B. BPRM energies agree to within 
less than 5% with 61 observed levels. The largest difference is less than 9% except for two levels 
of 2s2p(3Po)3s; while the two quartets of the configuration are in less than 1% agreement with the 
observed energies, the two doublet levels show 19% difference, indicating either that the doublets 
are highly mixed, or the level cannot be properly identified. One reason could be that the doublet 
term is not well represented by correlation configurations, although the present set includes most 
of the dominant configurations (Table A). 
Table C makes detailed comparison of the present C II transition probabilities (A-values) 
and lifetimes (τ) with other measurments and calculations. The transitions are specified as higher 
level (index k) to lower level (index i) followed by g f - and A-values. The sum of A-values and τ’s 
are given below the set of transitions. The columns nk and ni are the energy level indices for the 
symmetries Jk and Ji , respectively. 
The intercombination transitions of 2s2p2(4P)-2s22p(2Po) have been studied by a number of 
investigators when the radiative decay rates and the lifetimes of the three levels of 
2s2p2(4P1/2,3/2,5/2) were obtained. The five possible intercombination E1 transitions, 
2s2p2(4P1/2,3/2,5/2)-2s22p(2P
o
1/ /2,3/2) with ΔJ = 0, ±1, correspond to very weak oscillator strengths. 
The measured values are usually available as the sum of A-values for a level. Present BPRM decay 
rates are compared with those measured by Smith et al. [16], Trabert et al. [17], and Fang et al. [18] 
and from other theoretical calculations [19-23]. For the two transitions 4P3/2-2P
0
1  /2,3/2, the present 
BPRM sum of rates are about 23% lower than the measured value of Trabert et al. [17], Galavis et 
al. [23] are about 23% higher, and the Froese Fischer value [22] is in good agreement. The 
A-values from Froese Fischer, who studied only these weak transitions, were obtained employing 
the multiconfiguration Hartree-Fock method in the Breit-Pauli approximation. Galavis et al. [23] 
have considered a relatively larger number 
TABLE B 
Comparison of Absolute Calculated BPRM Energies (Ec) of C II and C III with the Observed Values (Eo) in Rydbergs 
 
 
 
Note. Nb is the total number of levels obtained. 
 
TABLE C 
Comparison of Present BPRM g f and A-Values and Lifetimes (τo) for C II with Other Theoretical and Experimental 
(Asterisks) Values 
  
 
 
 
 
TABLE C—Continued 
 
 
 
Note. For the multiplets starting with 2p3–2s2p2, only the most dominant transitions instead of the complete 
set are given. The notation “P” means present, “O” means others, and a(b) means a x 10b. 
 
of transitions among the n = 2 levels in their atomic structure calculations including relativistic 
effects in the Breit– Pauli approximation. In contrast to the present calculations, both those other 
calculations include the two-body Breit interaction terms which can be important for very weak 
transitions. The sum of present BPRM decay rates for the other two transitions, 4 P3/2–2 P
o
1 /2,3/2 
agrees closely with the measured value by Fang et al. [18] and with Galavis et al., but is higher than 
that by Froese Fisher which agrees with other experimental values. The present A-value for the last 
4 P5/2–2 Po3/2 transition is much lower than the experimental values and those by Froese Fischer and 
Galavis et al. It is possible that strong relativistic mixing of the level 4 P5/2 with the 2s2p2(2 D5/2) 
has reduced the transition probability in the present calculations. The differences between Froese 
Fischer [22] and Galavis et al. [23] for these transitions indicate that the effect of the two-body 
Breit interaction terms may not be significant compared to the electron-electron correlation 
effects. 
Among the other comparisons, the present BPRM lifetimes for the 2s2p2(2S ,2 P) levels, 
due to dipole allowed transitions to 2s22p(2 Po), agree with measured values and with those by 
Galavis et al., but those by Safronova et al. [24] are relatively higher. Safronova et al. present 
transition rates for n = 2 levels using relativistic many body perturbation theory. The largest set of 
LS multiplet oscillator strengths for C II was calculated by Fernley et al. [25] under the OP. The 
non-relativistic calculations were carried out using a six-state wavefunction expansion of 
configurations 2s2, 2s2p, 2p2. Compared to the OP work, the present data result from a larger basis 
of 12 states with additional configurations, 2s3s, 2s3p, 2s3d. The OP results are used for 
comparison here as most of the lifetimes are measured for LS terms, and also present the only other 
set of f -values with higher n levels. Present lifetimes for the 2s2p2(2S ,2 P) states are in good 
agreement with the measured as well as with the OP values. 
The available lifetimes for the levels of C II from other sources are longer and correspond 
to a number of transitions. For brevity, only the most dominant transitions for each term are listed 
in Table C, although the sum of A-values includes all possible transitions. Present lifetimes for the 
2p3(2 Do) levels are within the uncertainties of the measured values, while for 2p3(2 Po) they are 
somewhat higher than the measured values. The OP lifetimes [25] for the 2p3(2 Po , 2 Do) states are 
comparable to the present values. 
Both the OP [25] and the present lifetimes agree well with the measured lifetimes for 
2s24s(2S) and 2s25s(2S) states. However, the OP lifetime for 2s23s(2S) agrees closely with 
experiment while the present value shows large disagreement with a much longer lifetime. The 
BPRM lifetime for 2s23p(2 Po) levels are lower than the measured values which are in good 
agreement with the OP lifetime. However, both the present and OP lifetimes for 2s24p(2 Po) and 
2s25p(2 Po) levels agree with each other, but are respectively somewhat higher and lower than the 
measured values for the former and the latter. Present work has included a larger wavefunction 
expansion with more correlation. Therefore the reason for these few discrepancies is not obvious. 
However, we find good agreement between the present theory and experiment for the lifetimes of 
2s23d, 2s24d, 2s25d, 2s24 f , and 2s25 f levels. 
We have obtained a total of 127 fine structure energy levels for C II. The complete lists of 
energies are available electronically (at http://www.idealibrary.com/links/doi/10.1006/ 
adnd.2002.0879/dat) with spectroscopic identification both in Jπ order for various astrophysical 
and plasma applications, and in LS multiplet order with effective quantum numbers for 
spectroscopic diagnostics (e.g., [5]). Tables Ia and Ib are samples of the energies in these two 
formats. 
The total number of oscillator strengths ( f -values) obtained for fine structure transitions in 
C II is 1681. The complete table (at http://www.idealibrary.com/links/doi/10.1006/ 
adnd.2002.0879/dat) contains g f -values along with the level energies, linestrengths (S), and 
transition probabilities (A-values). Table II presents a sample of the complete file. These 
transitions are identified spectroscopically by comparing the energy level indices with those in the 
energy level Table Ia. 
A part of the oscillator strength data has been reprocessed for improved accuracy and 
unique spectroscopic identification for ease of application. The observed transition energies are 
measured with less uncertainty than the calculated ones, and hence use of the former improves the 
accuracy of f and A values slightly. The observed energies are used with the energy independent 
line strength (S) obtained in the BPRM calculations (Eqs. (10) and (11)). The reprocessed set 
consists of 860 transitions for C II with spectroscopic notation similar to the widely used NIST 
compilations available through the National Institute of Standards and Technology (NIST). The 
oscillator strengths are ordered in LS multiplets. It may be noted that while statistical averaging for 
a LS multiplet can be carried out for dipole allowed transitions, no such averaging can be done for 
the fine structure components of intercombination transitions. Sample results are presented in 
Table III. The complete table is available electronically. 
 
Energies and Oscillator Strengths of C III 
 
The present results for C III include fine structure energy levels and transitions among 
levels of 0 ≤ J ≤ 10 of even and odd parities with n ≤ 10 and l ≤ 9,2S + 1 = 1,3 and L ≤ 11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE D 
Comparison of Present BPRM gf -, A-Values and Lifetimes (τo) for C III with Other Theoretical and Experimental 
(Asterisk) Values 
 
 
Note. “P” represents present and “O” for others. The notation “P” means present, “O” means others and a(b) 
means a x 10b. 
 
 
The calculated set of energy levels include 115 observed levels. The BPRM energies agree 
to less than 1% with 88 of the observed levels; the largest difference is about 3.6%. Sample 
comparison between the calculated and observed energies is presented in Table B. However, three 
observed levels, 2s5g(1Go), 2s6g(1Go), and 2s6h(1Ho), are missing in the calculated set. A very fine 
energy mesh of 0.001 Ry used to find the eigenvalues of the Hamiltonian matrix [3] appears not 
fine enough to obtain these levels. Present calculations also do not include the highly excited 
fifteen observed levels of configurations 2p4l of the ion. 
Comparisons of the g f -, A-values, and lifetimes of C III are made with the available 
measured values in Table D. Similar to Table C for C II, the transitions are specified as higher level 
(index k) to lower level (index i), followed by g f - and A-values. The sum of A-values and τ’s are 
given below the set of transitions. nk and ni are the level energy indices for symmetries Jk and Ji , 
respectively. 
The two lowest transitions, 2s2(1S0)–2s2p(3 Po1 ,1 P
o
1 ), in C III have been studied 
extensively. Ynnerman and Froese Fisher [36] and Jonsson and Froese Fischer [37] carried out 
multiconfiguration Dirac–Fock (MCDF) calculations for the lifetimes of the spin-forbidden 
2s2(1S0)–2s2p(3 P
o
1 ) and the spin-allowed 2s2(1S0)–2s2p(1 P
o
1 ) transitions using their modified 
version of the atomic structure code, GRASP [38]. Berrington et al. [39] calculated the BPRM 
oscillator strengths for transitions among the levels of the two symmetries, J = 0e and J = 1o of 
configurations 1s22snl and 1s22pnl for n going up to 10. They employed an eigenfunction 
expansion with 28 fine-structure core levels and correlation orbitals going up to l ≤ 4. The present 
BPRM radiative decay rate (A-value) for the intercombination transition 2s2(1S0)–2s2p(3 P
o
1 ) 
agrees within the uncertainty of the measured value by Kwong et al. [34] and with the result from 
Berrington et al. [39], while that from Froese Fisher et al. [36, 37] agrees almost exactly with the 
measured value by Doerfert et al. [35]. Froese Fischer et al. [36, 37] included the Breit interaction 
in an indirect manner and found the effect to be important for the intercombination transitions. The 
present oscillator strength f for the dipole allowed transition 2s2(1S0)–2s2p(1 P
o
1 ) agrees quite well 
with the measured value [29] as well as with other calculations [36, 37, 39, 41, 42]. 
The BPRM oscillator strength for the dipole allowed transition 1s22s2p(1 Po)–1s22p2(1S) is 
close to the measured value [26] and the calculated value [41] while the lifetime of the upper level 
is within the spread of the measured values. The largest calculations for the C III oscillator 
strengths were carried out by Tully et al. [43] under the OP. They used a five-state wavefunction 
expansion of configurations 1s2nl, nl going up to 3d, in contrast to the present expansion which 
includes higher orbitals up to 4 f . Their nonrelativistic LS lifetime is comparable to the present 
BPRM value as well as with the measured ones. The present f -value for the 1s22s2p(1 Po)–1s22p2(1 
D) transition agrees very well with the measured value [26]. The lifetime of the 2s2p2(1 D2) level 
also shows quite good agreement with the measured value by Reistad et al. [26] as well as with the 
LS lifetime from the OP. For the transition 1s22s2p(1 Po)–1s22s3s(1S),  f and τ agree with the 
measured values within experimental uncertainties. There are disagreements, however, between 
the present f -values and the earlier BPRM calculations by Berrington et al. [39] for the very weak 
intercombination transitions. Present BPRM lifetimes for the levels 1s22s3p(3 P0
o
,1,2) are compared 
with the measured value for the LS state and are found to lie within the measured values. 
A total of 206 fine structure bound levels of C III are obtained and are available 
electronically (at http://www.idealibrary.com/links/doi/10.1006/adnd.2002.0879/dat). The levels 
are identified spectroscopically and available with effective quantum numbers in two formats, in 
Jπ order for astrophysical model applications and in LS term order for spectroscopic applications. 
Sample tables of energies in these two formats are shown in Tables IVa and IVb. 
A total of 4202 oscillator strengths ( f -values) for fine structure transitions are obtained for 
C III. The complete table contains g f -values along with the level energies, linestrengths (S) and 
transition probabilities (A-values). Table V presents a sample of the complete file. These 
transitions are identified spectroscopically by comparing the energy level indices with those in the 
energy level Table IVa. 
Similar to C II transitions, a part of the oscillator strengths data has been reprocessed for 
improved accuracy and unique spectroscopic identification for ease of application. The observed 
transition energies are used with the energy independent linestrength (S) obtained in the BPRM 
calculations (Eqs. (10) and (11)). The reprocessed set consists of 1884 transitions for C III with 
spectroscopic notation similar to NIST compilations. These oscillator strengths are ordered in LS 
multiplets. Statistical averaging for a LS multiplet can be carried out only for the dipole allowed 
transitions. Sample results are presented in Table VI. The complete table is available electronically 
(at http://www. idealibrary.com/links/doi/10.1006/adnd.2002.0879/dat). 
 
SUMMARY AND CONCLUSION 
 
The present work reports on extensive relativistic calculations for CII and CIII using the 
BPRM method. The method entails uniform accuracy for a large set of transition probabilities, 
since there is no individual term or level optimization; the same wavefunction expansion for each 
symmetry Jπ is employed representing an extensive configuration interaction. 
The Breit interaction can be important for very weak transitions. The BP Hamiltonian (Eq. 
(2)) in the present BPRM calculations does not include the full Breit-interaction in that the 
two-body spin–spin and spin–other-orbit terms (Eq. 4) are not included. Detailed comparisons of 
the present BPRM results with the available measured and other theoretical values show that the 
effect could be significant for the weak intercombination transitions in C II and in C III. Study of 
the effect employing the BPRM method as well as atomic structure calculations using 
SUPERSTRUCTURE are planned. 
Electron–electron correlation effects have been studied. It is found that with a larger set of 
correlation configurations and wavefunction expansion, the energy eigenvalues of C II show a 
general improvement over the earlier calculations. However, the transition probabilities and 
lifetimes of a few levels have relatively poor agreement with the currently available measured 
values. Results for C III show overall good agreement with other calculations and experiments. 
The   electronic   files   are   available   at   http://www. 
idealibrary.com/links/doi/10.1006/adnd.2002.0879/dat. 
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EXPLANATION OF TABLES 
 
TABLE Ia.        Fine Structure Bound Energy Levels of C II in Jπ Order 
The table contains a sample of the complete data set, which is available 
through the journal website at 
http://www.idealibrary.com/links/doi/10.1006/adnd.2002.0879/dat. 
 
Ct SLπt Jt      Electronic configuration and LS term and total angular 
momentum of the core (target t) 
nℓ J           quantum numbers for upper state considered 
E (Ry)        Level energy (in Rydbergs) 
v             Effective quantum number of the valence electron (no v for 
equivalent electron levels) 
SLπ            Possible LS terms for the level 
Nlv          Total number of levels 
 
TABLE Ib.        Fine Structure Bound Energy Levels of C II in LS Term Order 
The table contains a sample of the complete data set, which is available 
through the journal website at 
http://www.idealibrary.com/links/doi/10.1006/adnd.2002.0879/dat.  
Notation is the same as in Table Ia with the following differences: 
 
Nlv        Total number of levels expected followed by the total spin   
multiplicity and parity, and list of L-values where the 
corresponding J-values are listed within parentheses 
 
Nlv(c)     Total number of calculated levels followed by the information on  
obtaining complete fine structure set or missing levels 
 
TABLE II.        Oscillator Strengths, Line Strengths, and Transition Probabilities for 
Fine Structure Transitions in C II 
The table contains a sample of the complete data set, which is available 
through the journal website at 
http://www.idealibrary.com/links/doi/10.1006/adnd.2002.0879/dat. 
The first two numbers are the nuclear charge and number of core electrions 
which is followed by sets of transitions for a pair of symmetries. 
For each transition set: 
 
Line 1    The four numbers are 2J, π, 2J’, π’, where parity is 0 for even and 1 
for odd 
Line 2    Number of energy levels (N and N’) of symmetries J and J’ 
Lines 3 to Set of transitions: the first two columns are the energy level indices 
of J and J’, respectively 
  (N x N’ + 2) 
For a negative gf, J is the lower level, while for a positive gf, J’ is the lower 
level 
 
TABLE III.       Transitions in C II in LS Multiplet Order 
The table contains a sample of the complete data set which is available 
through the journal website at 
http://www.idealibrary.com/links/doi/10.1006/adnd.2002.0879/dat. 
Oscillator strengths (ƒ) and radiative decay rates (A) are listed for 
transitions in C II in LS multiplet order. 
 
TABLE IVa.      Fine Structure Bound Energy Levels of C III in Jπ Order 
The table contains a sample of the complete data set, which is available 
through the journal website at 
http://www.idealibrary.com/links/doi/10.1006/adnd.2002.0879/dat.  
Explanations are the same as in Table Ia. 
 
TABLE IVb.     Fine Structure Bound Energy Levels of C III in LS Term Order 
The table contains a sample of the complete data set, which is available 
through the journal website at 
http://www.idealibrary.com/links/doi/10.1006/adnd.2002.0879/dat. 
 Explanations are the same as in Table Ib. 
 
 
 TABLE V.    Oscillator Strengths, Line Strengths, and Transition Probabilities for Fine 
Structure Transitions in C III 
The table contains a sample of the complete data set, which is available through 
the journal website at 
http://www.idealibrary.com/links/doi/10.1006/adnd.2002.0879/dat.  
Explanations are the same as in Table II. 
 
TABLE VI.   Transitions in C III in LS Multiplet order 
The table contains a sample of the complete data set which is available 
through the journal website at 
http://www.idealibrary.com/links/doi/10.1006/adnd.2002.0879/dat 
Oscillator strengths ( f ) and radiative decay rates (A) are listed for 
transitions in C III in LS multiplet order 
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